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Abstract

Phot oc aarloh gidxidec (Ce) r educt i on into chemical f ue
economically viable photocatalysts is a pro
mi tigate t he Gaboneonbxae (€@)iseffsigndicant interest because CO is

used in many largecale industrial processe®.r gani ¢ semavenduwetosse ch
functionalities and pore structures, al |l owi
properties such as Dblathisithegigd p sh ean d psalanmeacesn tam
or gani c fr amweawoexplo®d f¢r ghOtecatalytic G&@duction to understaridh e

relationships between materi al properties an

Arange of I inear conjugated pol yaney st hwe ¢ ihz ed
andeasured btyhwesuglyp Wipgimectanlodpsr.operti es, el ec
di spersibility wer e smwmesdi gfae reln cfesrA ithhep e
di bebdlztohi ophen@osyimeonevi ¢t phemiyd eenset (rPaft)e ha
productionzcabwal atl ise@rnwof Tudd ocno of hydrogen i s
pall adium from polymer syntheskPB.sBygasargoumlg
obtained with varg€@Ong ratios of H

To mweme ttheer m oinngst abi |l i ty-f of mathieomw evlee mii Dl re
making most COFs and reduce the influence of
olefin COF was synthesized via kafm@Omnahgel ¢
bi pyridine sites inside could incorporate wi
photocatalyst with an improved catalytic per
The COF is porous-semdediddr ele ttfouvretniyearn ddayed la e d
platinum resulted iin, etthiie® pon@ tdiaandi @O ,ld ft hey tda
composition of which could be adjusted by

amor phous analogue of tolwerCCRO pPhowadctsiognirfail

that crystallinity of the COF i2zseduttiono it
Aseries of fluorinated COFs and their I SOos
synt hesi zedxcelxlnemtdu€®gon with <cobalt (1)
cocatalyst wunder visible |Iight irradiation.

CQt€O performance comparable with the homog

systemi mhdar eonditions.
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Figurel.1 Daily averaged C&from four Global Monitoring Laboratory Baseline observatories. Barrow, Alaska
(in blue), Mauna Loa, Hawaii (in red), American Samoa (in green), and South Pole, Antarctica (in yellow). Figure

reprinted from National Oceanic & Atmospheric Administration.

With the progress of human civilizatiorarbon dioxide is produced in all aspects of daily life,
such as thermal power generation and automobile exdestonsumption of fossil energy

and its resulting greenhouse effect have endangered human life enehtlionment.
According to research, from 1959 to 2012, approximately 350 billion tonnes of carbon have
been emitted by humans to the atmospRefeom the daily data monitored by Global
Monitoring Laboratory from four observatories around the wdfldurel1.1), the global CQ

concentration indicates a significant increasing trend in the past decade.

Solar energy is the energy produced by the continuous nuclear fusion reaction process inside
thesun Al though the energy radiated by the sur
billionths of its total radiant enerdyit is still a huge amount of energy that human can be used

for industrial production and daily living. In order to eliminate ltlaem caused by greenhouse

gasesit is a potential approach for a bright future to mimic natural photosynthesis. Developing

an artificial photosynthetic system (APS) can convert the abundant solar energy into
commercial products.Theoretically, photosyhesis contains water oxidation reactions in
Photosystem Il and C@eduction in Photosysten? nfortunately, at present, it is challenging

to establish an APS by using just a single catalytic system. To achieve this goal, scientists

2



divided the subjechio two parts. One is water oxidation te &d proton reduction toz{2

The other is photocatalytic G@eduction to fuels such as CO, methane or mett#tfol.

(a) (b)
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O 30 mciyr Alcohols Fischer-Tropsch g
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Figurel.2 (a) Energy contents and market prices ob@@uction product$? (b) Syngas conversion processés.

Figures were reproduced from referentes.
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1.1.1 Basic principles of photocatalytic CQ reduction

(a) @
A H, H*, CO,
\ X
<.> (4) HCOOH, CO, H,CO,
» Y 4 ) ' " CH,0H, CH,, etc.
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~, -
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A Y
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o @ @
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2\_
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Figurel.3 (a) Scheme of processes for photocatalytie @@uction?® (b) Schematic representation of conduction
band (orange), valence band (blue) and relative redox potentials fothects involvedn water splitting and

CO, reduction at pH 7Figure was reproduced from the referetfce.

Photocatalytic C@reduction over a semiconductor is believed as one of the best ways to use
solar energy and overcome environmental problems. Many factors can influence the overall
efficiency of photocatalytic C&reduction, such as photocatalytic processes and&iDcton

kinetics. There are several processes for photocatalyticr@{dction including excitation,



transport, separation, reduction and oxidation. As showkigare1.3a,t he phot ocat al

process@edafctCOn on the surface of a semicor

The steps are (1) excitation of phagenerated electrenole pairs; (2) charge separation and
charge migration to thgurface; (3) the bulk charge recombination; (4) reduction of @M

certain cocatalyst; (5) oxidation of28 with cocatalyst or oxidation of sacrificial electron
donors; (6) surface charge recombination; (3)eMolution as the competitive step and (8)

oxidation of reduction products.
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Tablel1.1 Reduction potentials of GO

Reacti on E°( WWSN.HE at pH 7

Reduction posdtentials of

2 H+ ¥ Hy 0. 41
CQ+ "¢ CQr 1.9
CQ+ 2#H BHCeM 0.61
CQ+ 24 ¥eCO +0 H 0.53
CQ+ 44 HeC +,02H 0.2
CQ+ 44+ HeHCHO +0 2 H 0. 48
CQ+ 6+ &eCHOH +O H 0.38
CQ+ 8+ &eCH+ 20H 0.24
2CO §OH + "M gHs+ 12 O0OH 0. 34
2COr OH + Y 2HEOH+ 12 O0H 0.33
3CH 1.BH+ Y 8EH,OH+ 18O0H 0. 32

In 1978, Halmannn first observed that £@as reduced to GH and CO on a-ype GaP
electrode under light illuminatioH. However, the reduction of GOproves to be highly
challenging as it needs a higher reduction potential of 1.9seWormal hydrogen electrode
(NHE) for CQ reduction towards the GO radical’® To overcome such high omdectron
reduction potentials, muiglectron reduction pathwaycoupled with the protetmansfer
reaction towards desirable alternative products such as methane and methanol are more
favourable® Table 11 shows an overview of different potentials in miglctronic processes

(at pH 7 in agueous solutims. NHE) 1°



1.1.2 Mechanism of photocatalytic CQ reduction

a b
5/ \5 5/ \8 \ /
Oxygen coordination Carbon coordination
c O.._ ¢
C O \ ___________

Mixed coordination

Figure 1.4 Possible surface structures of adsorbed partially charged specifs ddCratalysts. Figure was

reproduced from the referente.

Forphotocatalytic C@reduction, the initial step is forming partially charged£8pecies on

a catalyst. There are three kinds of adsorption modes on the surface of catalysts. Different
binding modes lead to different produtisf the CQy~ species binsito the surface of catalysts
through the oxygen atoms as showrkrigure1.4a, formic acid may be the final prodwdter
combining one hydrogen atom for forming a formate anion and then a proton for producing the
final product. Ithe CQ ™~ species binds through tharbon atomKigurel.4b and c), a carboxyl

radical is formed, and then it disintegrates into adsorbed carbon monoxide. The adsorbed CO

can be further hygenated to generate other products.

1.1.2.1 Mechanisms of cobatbdrtedauncdt ironneni um con

i) CO, binding to Co' i) CO, binding to Co®
o, _ [cof*

[Co"]—coO,

T+

'/co 2H* + CO,

H,0

[Co] = Cobalt complex based on neutral ligands

Figurel.5 Possible mechanisms of photocatalytic;EG€ruction by cobalt complexes bearing neutral ligands.

Figure was reproduced from the referette.
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Figure1.6 Overview of the proposed G@eduction cycles using Reb gG0O)CI (1) as the catalysEigure was

reproduced from the referente.

Rhenium (1) bipyridinecomplexes are the most efficient catalysts fop @duction with high

yield and selectivity. Lehn et al. first reported a system with rhenium (1) complexes i®1983.

In photocatalytic processes, the triplet métaligand charge transfeNILCT) state of the
rhenium complex is generated and then the excited state is quenched by the sacrificial donors.
The oneelectron reduced speci@€l eliminates the chloride iomd then forms the doubly
reduced specie8, which is the catalytically active species. £i© bound at the empty
coordination site to produce the carboxylic intermedété\fter one proton addition, the
hydroxycarbonyl specigsis formed, which reacts i the second proton to yield the cationic
tetracarbonyl intermediat®@ Finally, one molecule of carbon monoxide is released, and the
species3 is reformed. In the absence of protons, another mechanism was proposed by Sullivan
et al. in 1985 for producinGO and carbonat&.This process suggests that after reacting one
CO: molecule with two specieg, the intermediate specid® is formed, which reacts with
another one C&molecule to yield intermediate specids Following releasing CO and losing

the CQ? upon protonation, the speci2ss reformed.



1.1.3 Differencesbetweenphotocatalytic HER and CO; reduction

H+

‘(4)H
@\

A
v
>
@ /
> \ ==X Reduction cocatalsts
\ ¥
y

\/
-
v

E@E /’ ,’,’ Oxidation cocatalsts
2\" x
e
2
H,0

Figurel.7 Scheme of photocatalytic hydrogen evolution reaction.

Hydrogen evolution from water is another way of utilizing solar energy to generate clean
energy. At the same time, hydrogen evolution competes withr&iction.Compared with

that of photocatalytic O2 reduction, the mechanism of;Hevolution is relatively simple
(Figurel1.7). All the basic steps for the hydrogen evolution reaction (HER) are similario CO
reduction. HER happens in the reduction cocatalyst without any other competitive reaction.
Scientists workedn water splittingearlier than photocatalytic G@eduction. In 1972, Honda

and Fujishima were the first to discover photocatalytic water splitting onélédtrodes?

Table1.2 Differences between HER and e@duction®

How to achieve

Photocataly Phot ocat arleydtuicct i _
CQreductior
Apply organic
Water as the Low 2€01 ubility
phase react
Si ngl educt Many possible Presencataf yi

) Mechani sm i nvahtdi
Si mpl e mech Presence of
transfers

Hodi f fusing ot Products in col )
) Continuous
phase phot ocatdd cyssmp ownd
Ther modynami cal ewith appropri

Ther modynami )
favour abprod hatn potenti al

The differences between G@duction and blevolution are shown ifiable 1.2.3 Normally,
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for HER, the reaction is conducted in water which is the source of the single pred@m H

the contrary, due to the low solubilof COz in water, it is preferableo e r f ogrme d@W@ t i on
in the organic solvent or gas phasehbooicmprad
Besides, as shown ifable 1.1, many products such as CO, formic acid,sCés well as

hydrogen production as a competitive reaction can be generated. Some features are necessary
for an efficient CQreduction system. Fonstance, applying an alternative-catalyst instead

of metallic platinum which avour s t hege vcoolnupteitoinngr eltact i on. Th

i fMablel.2, achievi ng prheod uocctaitoan ynedecd sCOnor e el ect |

reduction pevehtutabnt h8esHdes, it 2i admatihomo
i n mechandesvmoltuhamnHd Because eXpltdriseqg iimord
organic photocatalysis, hydrogen producti on

114 The -had€¢ti eneodoficCOon in the presence of s

HO_ -~~~ OH
OH
l -e
i i
HO A~ ~_O
OH
H
/ \ HO A~~~ O
HO A~ -OH TEOAH" +
TEOAH" +
OH
(a)
OH
e, -H*
-e
®
HO_~A~-OH HO\/\N/VO

(b)

OH OH

J -H*, H,0

HOL A~ Ho 2P

OH

Figurel.8 The degradation pathway of TEORigure was reprinted from referente.

AchievingoecuatlionCOi's very difficult-due t
el ectron reaction of waterepopxxidahnhi pacoBbbsnde

bul k or on the surface of mo st photocataly
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el ectron donor reagents such as triethyl amin
|l ow oxidation pattiewne i @mé¢ smiatntdi \hii tgiheg,elar e use
the photogenerated holes and suppress the re

in this thesis to f grceudsucotni aarh.e Thhad fd ergeraacd a toinc

i s sihbigurel8 When under irradiation, phot ocat :
stat e, and TEOA scavenges hol egerdnemnant ed , elexd
and facilitating the reduction reactioon. | n
reactions instead of wusing sacrificial el ect
of great I nt er e ®iidation Fob plastic wastecaamnc ep r otnhoet e not

phot ocasdpaloytuice ildn but al so soblvedmsenvironment
115 Perf ormance evalvuatizpadottpbotocatal ytic

Five technical parameters are generally used to quantify the efficiency of photocatakytic CO
reduction, including generation rate, selectivity, kiagn stability, turnover number (TON)

and apparent quantum yield (AQY) or external quantum efficiency (EQE).

The generation rate is the amount of-C&luction products that occur per gram photocatalyst
over a certain time. The unit for generation rate is mogh, emol h! gt or ppm ht g*.
Selectivity is defined as the molar ratio of the G€@duction products to that of hydrogen.
Long-term stallity is an important parameter in the performance of a photocatalytic system.
TON is the number of moles of reduction products arising from a mole of catalyst over a certain
time. Since experimental conditions such as the quantity of photocatalystsdigide, light
intensity and light area vary, the efficiency of a photocatalysts can be compared by their AQY

or EQE. The formula of AQE or EQE is shown as below:

mber of reacted el ectrons
.Il.Oc?Oo
mber of i nci ent photons

nu
AQY or %BESE
Q AV
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116 Properticesedwdé¢t C®On photocatal ysts

Tablel.3 The desired properties of an excellent photocatalyst and its effects,gadii©tion and ways to achieve

these propertie¥.

How to accol

Propertie Ef fects .
propees
) ) Small partic
Hi gh surf a Hi gh adsor
structure
Single site Homogenei't Crystalline
Light abso Hi gher ef fi Engineering
Preferential
Efficient <ch Low recombi )
a certain d
Long lifetir Possibility
_ ) Presencat af
separation reaction
Hi gh mobil it More effici: )
] ) Hi gh cryst
carriers separation

Sel ectivigiyng

Efficient c¢h: Adequ atae ad o
product

To design an effectrtiedacphonocastoaley $tatar e€OoO
to be cdabelid) ¢ wedthe purpose of using solar e
an opti mal band gap is desirabl e. However,
gaps and o nphoors ofdight inathe silmavidiet domain. For instandei -@as a

band gap of 3.2 eV and it can only .acOrigeewmda cp |
semi conductors with different band gaps, by
varimom®mers. To enhance ahd phbobéopaatiabygsbet w
porosity and high .suCrfyasxtea lalrienai tayr eh aess saelnsto at
factorzreduc€Oo®®%MorstHERMportant, to generate
cocatalysts areduwmeteidend, fwhi «CHO coul d provi de
l' i feti mgeatrphedocidrerdged.i olhgr hC@h sel ectivit

al soalles.i r
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Figure1.9 Scheme of charge separation mechanisms for photocatalysice@@ction3®

Based on the differences in light absorption and charge separation mechanisms, photocatalytic
COz reduction systems can be divided into four tyfYe’ss shown irFigure1.9a, most reported

systems in literature are otep excitation systems. Thegstemscagener at e el ectr
holes in the bulk of soer nei dcuocnt di uocnt ow ist ha ngdu i at ce
cocatalysts and Tohxei dsae d (gigure t.Bbyipesst atlhyes tpsh ot os en
system which contains dyes, semiconductors a
el ectrons and holes by absorbing light and
mol ecul ar orbital (LUMO) of dye to the CB of
to the cocatal sthmtbofuebsveithiendg h€C®©d and fo
c o mb i twb rs@miconductors to form heterojunctions orscheme systemsin a
heterojunction systent{gure1.9c), photogenerated electrons transfer from semiconductor Il

to semiconductor | with more positive CB or LUMO. Thpleotogenerated holes move from
semiconductor | to semiconductor Il with more negative VB or highest occupied molecular
orbital (HOMO).Figurel.9d shows the direct-Acheme system. The photogenerated electrons

inject from CB or LUMO of semiconductor | to VB or HOMO of semiconductor Il. Another
Z-scheme system is two semiconductors comdbiwith reversible redox shuttles (electron

donor/acceptor pairs) or conductive medidig@rel.9e).
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1.2Inorganic semiconductors
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Figure1.10 Band positions of some inorganic semiconductors and the redox potentials ifdDEtion at pH 7.

Figure was reproduced from the refereffte

Since 1978, many inorganic semiconductors were investigated for photocatalyiic CO
reduction such as metal oxi(lBO>, CuO, ZnO, W@, ZnGeQ, NaNbQ), metal sulfides (CdS,
ZnS), metal nitrides and phosphides (GaN, GaP), layered double hydroxide (LDH, sueh as Zn
Al LDH) and metalorganic frameworks (MOFs, such as M@%&3 with Ru(bpy)(CQpr).*°

TiO2is one of the bestvestigated inorganic semiconductors due to its high photoactivity, low
price and low toxicity’* However, TiQ (Figure1.10) has aand gap of 3.2 eV and it can only
absorb photons of 1 ight i & Thiskamaioisless thani5% | et
of the entire solar spectrum. Impurity dogifigmetal depositiol, alkali modificatiort*,
heterojunction constructiéhand @rbonbased material loadifjare the common approaches

for improving the photocatalytic performance of Tid-or instance, in 2014, Farcia and
coworkers modified commercial TO(P25) by using AtCu alloy nanoparticles as
cocatalyst/ The rate of CHwas mor e t h a ith!2Taedhyh rateneas attriputed to

the surface plasmon band of Au. However, the constant activity was achieved under sun

simulated light only.

C

Many inorganic photocatalysts either have
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positions or r el atriguored.10y, | lair miet ibnagn dt hgeai prs
absorption. Mbeemvetabt het Yyoonf§ most i nor
i deal . Further mor e, mo s hoblesmetal tcanpiesse €g,t i | |
bipyridine Ru complexes) as a photosensitittence,exploring photocatalysts that can be

utilized in visible light without noble metal photosensitizers with excellen @@uction

performance and longgrm stability is very attractive.
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1.3 Organic semiconductors
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Figure 1.11 Comparison of C@ reduction performances for representatigeCsN, (black)°4851 CMPs

(bluey?285256 and COFs (red)” %2 inorganic photocatalysts (greei¥,”¢%¢” andMOFs (purple§® 7>.

The band gap in organic semiconductors <ca
of a diverse r¥fhmer ®ef e monyeners, porous ol
carbon??hi'dPijdegat edpml gmepeft E&MRAS en-t tria
based frameidfanks ky@&Bd) nked phlawmerise e(nH
studi ed f or grheodtuodagarebdls wWows €@e product ge
and selectivities of S 0me representative
phot ocatal yst s .Figuet.ld m tthhee prrecsdudctts genner at i
phot ocatal ysts ar e typically |l ower t han
photocatal ysts beiaoreeduewi mat e rSioanles ofrgrancC
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1.3.1 Graphitic carbon nitrides
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ver se f or mati on reactio

Heptazine C3;N,4

Figurel.12 Idealised chemical structures 6f3gN4 with triazine (a) and heptazine as units.

Graphitic carbon nitride ¢€3Na4) is a class of polymeric materials with a tdionensional

lamellar structure based on triazine rings and-triazine (heptazine) rings as its basic unit

(Figure 1.12). g-C3N4 can be prepared by polymerization of cyanamide, dicyandiamide or

melamine Since 2009g-CsN4 reported by X. Wang et as a polymeric photocatalyfstr H,

evolution sparked the surge of interest in organic photocatalysts armwmarlid because it is

sufficiently efficient, stable, inexpensive and has a band gap of approximately 2.7 eV which

results in absorption of visible light.

1.3.1.1g-CsNafor photocatalytic CO2 reduction

Integrating molecular catalysts as active sites @3Ny is promising because such a hybrid

system combines the excellent selectivity of the molecular cocatalyst and the durabiity of g

C3N4.1%%Co (Il) bipyridine complexes as cocatalysts were investitjfor photocatalytic CO

reduction to CO in this strategy. Boron carbon nitride (BCN) with cadmium sulfide (CdS)

nanoparticles or-@€sNswith Co(bpy}Cl2 as a reductive catalyst could achieve CO production

18



under visible light irradiatio®*° A similar strategy was also reported and used for iron
quaterpyridine and cobalt quaterpyridine compléXé& However, the hybrid systems also

suffer from the worse lonterm stabilities of molecular complex cocatalysts.

(A) o - . (b)
N N
roE
N"N"SN N7 NN h
NNy NNy HlNCC;N]H
NIJ§N Co? N|)§N Co? NJ§N 'N N
NJ\N*N N)\N)*N NJI\N*N U
P P G G G G R G

Figure 1.13 (a) Stucture of g¢CsN. loaded with single cobalt sites; (b) Stucture of molecular catalyst

[Co(cyclam)CHCI (cyclam = 1,4,8,1%etraazacyclotetradecane).

T h eoleaular catalyst [Co(cyclam)gCl (cyclam = 1,4,8,11etraazayclotetradecane) is a
well-known cocatalyst for C&reduction Figurel.13b). The gCsNsbased on heptazine units

has a similar coordination to that of cyclam for single atoms. In 2018, Huang et al. worked on
single C3" sites on gCsN4 through CeN coordination forCO; reduction without additional
ligands Figure 1.13a)8 This work makes use of the structural characteristics of heptazine
units in carbon nitrideHowever, this method has its limitations and is not suitable-feyNy

with triazine ringsunit.

Until now, plenty of strategies were applied for better photocatalytic €@@uction
performance such as defect engineéfingurface functionirfty, cocatalgt loading® and z

scheme system constructiigThe inadequate band gap tunability, in contrast, still limits g
CsN4 as an excellent photocatalyst to adapt to a wider range of redox potentials. Besides, the
synthesis of ¢CsNa4 is limited by low yield, hifp temperature and a small number of precursors.
Other shortcomings such as small surface area, fast recombination of charge, poor crystallinity
and many surface defects also restrict the applicatiorCaNg.°° Hence, the research into new
materials witha tunable band gap, large surface area and high stability is still worthy of further

investigation.
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132 Conjugated microporous pol ymers
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Figurel.14 Various reactions for synthesizing CMPsgure was reproduced from referefite

Conjugated microporous polymers (CMPs) have received much attention as a new type of
photocatalyst due to their low cost, high chemical stability, and molecularly tunable
optoelectronic propertie¥ . CMPs hav e st rconjugated netwak, legh porosity

and versatile gas adsorption and were first reported in ZGDVIPs are easily accessible via
different crosscoupling reactions in mild experimental conditions aswshinF i g LT &
According to the application requirements, CMPs can be designed through abundant
commercial monomers and various synthetic chemistry. Hence, the band gaps of CMPs can be

adjusted by the combation of different electron donors and acceptbrs.

Ashet er ogeneou< MPhso tivatly isestigatedsfdr ghptocatalytic activity in
2015 for water splitting® This study proved over a broad range tunable optical gap by the
combination of arious monomers. The optimal combination enables the resultant polymers to
be effective for photocatalytic hydrogen evolution with diethylamine as sacrificial agent and
Pt as cocatalyst under visible ligiubsequently, by incorporating extended plandrinsits

into the backbones, linear polymers {PZ) were demonstrated as good photocatalysts for

HER®SAf ter th&%hydpopbBet gi %®sahdms e Phdauvael bPede n
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proven as factopesvdlout ipdhirot ocatalytic H

Moreover, the use of higtinroughput workflows in material discovery can accelerate the
identification of the best photocatalysts. In 2019, 39 structurally diverse CMPs were reported
by C. Meier et al. and tested fop Evolution using a higithroughput wekflow.1°Y. Bai et

al. enlarged the library of ggolymers and found that P64 achieved an HE®Rdf @ mmo |- g

', outstanding among 1¥0 synthesized photoc

1.3.2.1CMPs for photocatalytic COz reduction

CPs-BT PEosinY-1

Figure1.15 Chemical structures of CP5, GBS, N-CP-D and PEsoinYl.

The success of photocatalytic hydrogen produdiiprCMPsstimulated the development of
their application for carbon dioxide reductidncorporating extended planzed units into the
backbones is also used for designing and synthesizing CMPs foe@@@tionIn 2017, Chen

et al. reportedh series opyrenebased conjugated polymers containing different planarized
units such as carbazole, diberzd[furan anddibenzop,dthiophene, resulting in band gaps
between 2.17 eV and 2.86 eV. The ionic liquid was used to captwrar@dO from the air,

and the CP5 containing dibenbgaf|thiophene unitsKigure1.15) converted C@to CO under
visible |ight witandaselectaity ef 980395 ThsivorBdemonstnatdd g
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that rationally designed CMPs could well achieve photocatalyticr€dction. However, the
CO generation rate was very low compared with those of inorganic materialsGgh.g
Besides, the low surface area of CP5, residual nickel and the limiteddS@rption ability of

ionic liquid restricted the performance.

The integration of an electron mediator, which exhibits high quantum efficiencies, with
semiconductor photocatalysts is a promising method to build efficient and stable artificial
photosynthat systems. Compared with pristine semiconductors, hybrid systems can
remarkably enhance photocatalytic activity due to the acceleration of charge transfer and
separatiorf! For instance, CMPs containing benzothiadiazole unitsPm Figure1.15)

and CMPs without alkynyl groups (CP-D in Figure1.15) can convert C®into CO under

visible light with cobalt bipyridine complexes as the cocatgRStN-CP-D reported in 2020

had the best CO generation raf2e 7 o Ist h'j among CMPs so far with@O s el ect i v i
of 82% and a fThe®tongdntera@iond&viéen CMPs aBb[( k]py d e

it easy for photogenerated electrons to be t
However,thes€E MPs wer e t ested umngdaesr i0n s8t eaatdrC&ff 1p uart
D had t0% 6palw adi um residue insi deyvowhitclncaum

influence CO selectivity.

To overcome the limited interaction between dissolved i@@he solvent with photocatalysts,
conducting CQ reduction in the gas phase is involved. iBo¥-functionalized CMPs
(PEosin¥1 in Figure 1.15) was designed to introduce dye into the backbone to increase the
visible light absorptiorability.>® PEosin¥1 (F i g LI %could do gagphase C@reduction

with gaseous kD as a sacrificial agentapdr oduced CO at “Shlandda e of
selectivity of 92% overHunder vi si bl e | ight (& > 420 nm)
achieve high CO selectivity in gas phase condition. However,t e r  oixhard totbeé o n
achieved by most CMPs due to insufficient driving foft&he reported product generation

rates in the gas phase are very low compared with those in the liquid phase with sacrificial
donors. At present, most systems still use a liquid phase system to do hakdmction

reaction with high products generation rates
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In conclusion, the photocatalytic reduction of @ an aqueous solution towards valuable
products is a great challenge in the area of green chemistry. Further research on CMPs for the
photocatalytic reduction of COnto organic products is highly sigicant. Hence, exploring

and designing novel CMPs with excellent photocatalytic performance ferréDction in
agueous solution will be a promising research area. Through the reported modification methods
and design in the structure of CMPs, photocaayO, reduction in aqueous solutions will be
systematically investigated and provide renewable energy for human beings. Besides, some
factors such as residual metal and lack of crystallinity will affect the photocatalytic CO
reduction activities in gemation rate and selectivity towards certain products. The Pd residue
has been proven to be a cocatalyst for HER plagis a significant role in photocatalytic
hydrogen production, which is a competing reaction and influences the selectivity>of CO
reduction.! ©2- kOill be i nt e rte devdlop gther crystalline organic semiconductors
without any metal residues or to rational use of the metal residual to convert solar energy and

COz reduction.
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133 Coval ent organic frameworks
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Figure1.16 Synthesis of COR and COFG. Figure was reproduced from the referetfte

Covalent organic frameworks (COFs) are a cl a
structur edd . mehvwd otnvad (12 Dg n dSOCKAFg LWL Fwer e f i r s
reported by Omar M. Ya%hincend manworl k é&res aitrr:
for forming neRgutlylpes saifc hl iarsk dagd azi’Reni hienk ec
linked COPéydnaz26006, | i nKelk e@@®Fsnaimi n2011 ,nked
201%24nd polyimide I%°Ade@dmarGFcs ment R200dis4 .1 i ke | i
or conversion are also explored 4o0n&bkbdaiCOFF&
can be oxidized tol''eormedmcdd tongedeE@DFs art
Three dimensional (3D) topological sttures were achieved as a new interesting domain. By
combining various knots and linkers, 2D or 3D COFs with diverse topologies could be
generated. It is promising for COFs serving as candidates for photocatalystsClke. gOn

the one hand, the combirat of various knots and linkers enables COFs with designable
HOMO-LUMO levels and band gaps. On the other hand, the discovery of new chemistry

(Figurel.17) makes the obtained COFs stable in water and other harsh experimental conditions.
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Figure1.17 Reported synthetic reactions for differential linkadégure was reproduced from the referefiée
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1.3.3.10lefin COFs
(a) (b)

-DCB
Cs,CO;, ° mesitylene/dioxane 4M NaOH,3 days, 90°C
150 °C, 3 days, Ar 115 viv

Figure1.18 Synthesis of 2DPPV and %pCOF via Knoevenagel condensati@action.

Before 2016, dynamic error correction from the full reversibility of the bond formation is
necessary for yielding crystalline COFs. In such a case, the relationship between the feasibility
of forming crystalline structures and the chemical stgloff the resultant COFs is inverse. In
2016, X. Zhuang et al. developed an oldiirked 2D conjugated COKEigurel.18a)by using
anirreversible Knoevenagel condensation reaction of 4r&@-formylphenyl)benzene and
p-phenylenediacetonitrile with @80; as a basé'® A fully conjugated pyrendased sft-

COFs (Figure 1.18b) was also designed and constructed by D. Jiang and coworkers via
Knoevenagel condensation reaction of tetrakis(dylphenyl)pyrene and p-
phenylenediacetonitrile with NaOH (4 M) as a b&8eThe obtained Sj-COFs involving
substituted acrylonitrileeCH=C(CN}] show °~ conjugation along
After that, several unsubstituted olefinked COFs Figure 1.19) were successfully

syntresized via Knoevenagel or Aldol condensation between-2j6thyt1,3,5triazine and
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aldehyde monomers>!8These olefin COFs, which have good light absorbance ability and
stability, have showexcellent photocatalytic performance. In 2019, Jiangl.eshowed that
the spc-COFeron exhibited an HER a of 8120emol gt h't under visible light!’ The 3
ethylrhadanine(ERDN) electron deficient unit as an eaapping group was introduced to the
sp’c-COF lattice, leading to a pustnd-pull effect to the skeletohe spc-COFeron showed
excellent stability and could retain their crystalline structures after photocatatysxposure

to air for one year.

(a) (b) CHO
CHO
l O CHO l O
NI N NN
A + A PN > ® ®
CHO
OHC CHO
CHO
| | I | |
mesitylene,
dioxane, 150 °C, 72h KOH n-BuOH/o-DCB=7/3 EtONa n-BuOHfo-DCB=7/3

acetonitrile,

o
trifluoroacetic acid 120 °C, 72h 120 °C, 72h

A

NN
3 N'N?i'- NN I ..
K P ¢ NN
Zy COF-701 J g-C4gN3-COF [
“d l\Ll‘— |N
o SNy -

N
A

N

N

¢
®

Figure 1.19 (a) Synthesis of olefin COF (COGR1) via Aldol condensation reaction; (b) Synthesis-@figNs-

COF and gC33N3-COF via Knoevenagel condensation reaction.
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1.3.3.2COFs for photocatalytic COz reduction

Zoy
é Nq-COF: X=Y=Z=C-H

N;-COF: X=Y=C-H, Z=N
N,-COF: X=C-H, Y=Z=N
N3-COF: X=Y=Z=N

Figure1.20 Schematic representation of the structures,e€OF and FSCOF.

COFs have the potential as photocatalysts due to their crystallinity, porosity, and extended
conjugation with molecular tunability. The first photocatalytjplecation of COFs was

reported by Lotsch and coworkers in 2047 hi s wor k picks a new Ww
photocatalysts. Subsequent!| yCORDtrsa&@OR tNxal

= -3») for HER by adjusti ngn tthree noenbtértiadar fa rnyilt r
polymers P7 and P10, containing dibetzdfhiophene sulfone in backbones, have been
reported as excellent photocatalysts for water spliftihglhspired by P7 and P10, a sulfene
containing COFs, FEOFs(Figure 1.20), exhibited an HER a af £0.1 mmol ¢ h, which

was the highest photocatalytic activity for HER for COFBesides, the porous RSOFs

could be further sensitized by different dyes. Alltlmese reported results demonstrated the
molecularlevel design space of tunable catalytic properties of COFs as photocatalysts. It also
makes us believe that COFs can be excellent candidate semiconductors for photocatalytic CO

reduction.

With the successful development of COFs for HER, photocatalytic carbon dioxide reduction
by using COFs is also studied step by step.-CRF has been proven as an excellent

photocatalyst for HER. In 2018,3sMCOF (Figure1.22) was first applied as photocatalysts for
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CQOz reduction. N-COF can do gaphase C@reduction with HO as the electron donor under
visible irraad a420 nnni)8,0 Op rnohthigxof I3.gmanginBda nol a

hours!?2fhi s work demonstrated that COFs 2coul d

reducti on. However, the final p r ordeudcut c tyiioenl di
gas phase conditions, whi-CMs i s the same i ssu
Ngﬂﬁl@nﬂn oc‘\/ gﬁN N
{@J \CKL*N@\’GN&,@’ D:,UD/ \Cﬁ\)\

00 5 O
S ©
HzNgNJ@NHz :,3 " Re(CO)sClI :3
%o ,©,'\"5i© N&Nn g‘x@
e S

Figurel1.21 Synthesis of 2D triazine COF and-R©OF.

Previous studies have shownf a/eReb pryl@IrCjOdena it | )
act as a promising photocatalyst for¥® gener
Unfortunately, homogeneous photocatalysts a
incorporated with active molecular sites as
photocatalytic properties of mol ecul aazicrae a
based i mine COF containing bipyridine as | in
and synthes-baeée ¢ioad & ebbiapfyFboi-ddiydF d h Ydreiby ( 4nd
ami nophen(iguelr2l)i. adheer-EOE| wastt B®&n anchored
compl exesCl()Ret(oC-OfOPrUn dReer vi si bl e {CiOFhtc oiud dad
producmol?B®f CO with 98% selectivity in acet
It was proven that el dhe Renpietydotwrearresf, et hfer @ ts

of -REF formed by Iimivenhomgas eds phictcihalskty!l I

separation and is not stable in base experim
after 10 hours of irradiation, which might L
TEOA.
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[o]
O o 1. Initial Polymerization
- -
2. Imine exchange

CHO

Figure1.22 Synthetic method of COGB67-Co nanosheets.

2D COFshave been demonstrated as porous scaffolds for molecular metal catalysts. Moreover,
COFs could be exfoliated to increase the surface area and expose more catalytitemédal si
enhance their activitydiang and coworkers applied the bottapp method to yield < 2 nm
ultrathin iminebased porphyrin COF (CO¥67-Co, F i g .2  COR367-Co nanosheets
could act as the photocatalyst for §@duction and produced CO at a rate of 10462 g*

hl with 78% selectivity of COunder visible light in aqueous media with additional
[Ru(bpy}]Cl2 as the photosensitiz&The formed nanosheets can expose more cobalt active
sites, which increase the interaction between, @l reaction sites for GOeduction. By
comparison, the ohined bulk COR367-Co exhibited a low CO generation rate of E2dol

g?! ht with 13% selectivity of CO under the same conditions. This is the highest reported CO
generation rate from GOreduction by COFs. However, the CGB7-Co has no activity
without alditional dye, and the stability of COF nanosheets is another issue for this imine type
COF. Moreover, the selectivity is 78% which is lower than those of other COFs and CMPs.
Also, the bottorrup approach via imirexchange synthesis strategy can onlyseslifor COFs

synthesized by reversible reactions.

In conclusion, compared with CMPs, COFs with widfined crystalline structures are

promising for CQreductondue t o the conWrbhoabl anpr mpéat
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i nsi de, COFs calnecadhviigwe floirghces t aishempmoduc
stabilities arfrenee porotbd e mMmMCORS | t hree druecptoirotne dar
i mi nkeket@enamine linked COFs, which are partiahlg o n j uaggrad emot st abl e
experi ment al conditions. Theseduceéepont édr COE=s
hour s. Al so, some COFs need additional dy e
harvesti nguhlasnagnossmgtyhe t aesfettabsl very- attra
conjugated or sedhbcéei COFswitdr hCO@h product ge
for the finalk epmoducathbidnd yl odgplying irreve
COFs or ramdiifoyniand yCks is a new way f2or syn

reducti on.
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Tablel.4 Summary of the representative photocatalysts for photocatalyticegi@ction in Figure 1.11.

Produc
Sel ect
Photocata Photosen evol uti TOF %) Reaction Refere
(mo gL (%

mp-€ N - 17.9 ( - 84.4 MeCN/ TEC 48
BCN - 94 (CO - - Me CNOHT E( 50
CdS/ BCN - 250 (C - 81.1¢MeCNLOHTEC 50
HRCN - 29(CO) - 96. 7¢ MeCN/ TEC 51
MCN/ Go O - 204 (C - 78. 5 MeCNLOHTEC 20
DACTF - 155 (C - 69% MeCNOHTEC 52
CPBT - 1213 (¢ - 8l. 6% MeCNOHT E( 28
N-C PD - 2247 (¢ - 82% MeCNXOHTEC 22
L-CPD - 806 (C - 86% MeCNOHTEC 22
CP5 - 47.37 ( - 98. 3 lonic |ic 53
NOREOP - 22. 54 (¢ - 90. 2 MeCNLOHTEC( 54
HCH i P G - 27.63) ( - 83.7¢ CQ O vap 55
PEs-%¥n - 33 (cCo - 92 % CQ ¥ vap 56
ReCOF - 750 (C - 98 % Me CN/ TEC 57
ReTpBpy C¢ - 275 (C - - Me CNaOHTE ( 121
TTC&m - 2.06 ( - 100% H.O 61
COR 1-Bi .0 - 69.67 ( - - CQ ¥ vap 122
PICOR T - 483 (C - 93 % Me CN/ TEC 6 2
NiTpBEYF [ Ru(sb@l 966 (C - 96% MeCNLOHTEC( 59

AgQueouss
CORB6CoNSs [ Ru(spgl 10162 ( - 78% 58

solutio
DQTP <CCOF [ Ru(sh Bl 1020 (¢ - 69.4¢ MeCN/ TEC 60
DQTP €ZOF [ Ru(sb@ly 152.5 (F - 90 % Me CN/ TEC 60
CozZ|-% [ Ru(sb @Y 2600 (¢ 89.6 58% MeCNLOHTEC( 69
MnMOF7 4 [ Ru(sb @Y 1170 (¢ 5.5 52% MeCNOHTEC( 69
CoezZ|-&7 [ Ru(sb @Y 3890 (¢ - 63% MeCNOHTEC( 70
Ni MOLs [ Ru(sb@ely 12500 ( - 96. 8¢ MeCNOHTEC 71
2BMOF sNHI IF [Ru(shb@ly 34500 ( 83.1 97% MeCNDHTEC 72
ZI1-67 [ Ru(sh@y 29600 ( 112 66.7¢MeCNDOHTEC 73
Ni (TPA/ TE [Ru(sh@By 16000 ( 11.5 100% MeCNOHTEC 74

DMFALH TEO
Ni 3 @Bu67 - 426 (CB) 581 99 % 75

BI H

Z n §SAl 40; - 3075 (¢ 79. 4 MeCNOHTE( 21
| 2%-C d }Sn - 825 (C 73. 3¢ MeCNLOHTEC( 27
PC#R 5Bgvn [ Ru(sb@ely 21510 ( - 82.17 MeCNOHTI 63
C 0, [ Ru(sp Bl 2003 (¢ 1.45 77.1¢ MeCNDHTEC 64
PMMCoQQO0O0O [ Ru(spb@l 1380 (¢ - 64.21 MeCN/ TEC 65
NC @Ni.@o [ Ru(sb @Y 26200 ( - 88.6¢ Me CNOH 66
Mn GO, [ Ru(sb @Y 30200 ( 9.3 71% MeCNOHTEC( 123
Zn G [ Ru(sppely 17600 ( 10.8 74.3¢MeCNDOHTEC 67
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1.4 Aims and objectives

The core aim of thighesisis to achievethe conversion of carbon dioxide into valagded
producs, CO or syngas, by using organic semiconductors in the presence of sacrificial agents.
The use oftonjugated polymers as photocatdlys of growing interestdue to their earth
abundancémainly composed of C, H, O, N and S) and wide moledelz| desig space

giving remarkable structural and functional diversity.
Themain objectives of this thesis were:

To establish a workflow for high throughput screening linear polynodiad promising
photocatalysts for syngas generation.

To synthesize €p covalent organic frameworks (COFsy producing CO with high
activity.

To study fluorinated COFs as a stable im@@Fbased photocatalyst with namble

metal complexes as cocatalysts for generating CO with high yield and selectivity.

In Chapter 2, we testedlinear polymers forsyngas generation with the help of a high
throughput system. Linear polymeasid commercial semiconductors wefiest measured
because they have been proved as good photocatalysts for HER and can be lardely used
CO, reductionscreeningsto get a basic understandinghe optical properties, electronic
properties, dispersibility, and residual metal amounts of linear polymers were studied for the

activity and selectivity for C&reduction.

In Chapter 3, we focusal on fully conjugatedolefin COFs for producing CO with high
selectivity. Chemical robustness, photosensitization and crystallinity were investigated for
designing highly active COFs photocatalysts for.C&luction.COFs verechosen because

they can combia porosity with crystallinity and have shown strong potem#al solar fuels
photocatalysts. The properties of COFs are easily tuned through the modular incorporation of
different building blocks. Meanwhile, most COFs have no residual metals inside, eghich
reduce the effect of residual palladium on CO selectivity and obtain highly active
photocatalyst One challenge here is the reversible bforthation chemistry used in making
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most COFs, which leads to varying degrees of {mmm instability under pitocatalytic
conditions. Instability is perhaps the central challenge for such materials, even more than
catalytic rate and selectivity. Olefin COFs can keep their crystallinity in base and acid
experimental conditions. The chemical robustness of thenolefCOF st ems {r om
conjugated backbone, which is also beneficial for efficient digtzesting and charge

transport, and hence photocatalytic activity.

In Chapter 4, we measur@ the fluorinated COFs as stable imi@®Fbased photocatalyst
combined with nomoblemetatbased molecular complexas the cocatalysb achieve both

a high CQ reduction efficiency and a high CO selectivity. The introduction of flucainens
intheCrs® backbone is a strategy to i mprove
affinity of the materials to COmo | ecul es. We explored their
relationships by screening G@duction photoactivity for isostructural COFs undes same
conditions. CQ affinity, pore size, and light absorption of photosensitizer significantly

influenced photocatalytic COeduction activity.
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Chapter 2

Photocatalytic syngas production using conjugated

organic polymers
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2.1 Author contributions

All the polymers used in this chapter were synthesized by the thesis author except P1K,
P10Y, P29, P30, P31 and P74 polymers, which were prepared by Dr Reiner Sebastian
Sprick. SEM images were carried out by Lunjie Liu. Dr Catherine Aitchison captured
TEM images!3CQ; labelling experiments were performed By G. Neri and Prof. A.
Cowan in the Stephenson Institute for Renewable Energy (SIRE). Calculations were
performed byl. HeathApostolopoulos and Prof Martijn Zwijnenburg. Rob Clowes is

thanked for his ssistance with higthroughput measurements.

Portions of this chapter have been published in:

Z. Fu, A. Vogel, M. A. Zwijnenburg, A. I. Cooper, R. S. Spri¢otocatalytic syngas
production using conjugated organic polymdrdMater. Chem. A2021,9, 4291-4296.
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2.2 Introduction

Organic materials such as conjugated microporous polymers (&kRsyalent triazine

based frameworks (CTF<) covalent organic frameworks (COES$)and unbranched
conjugated polymefsare regarded as candidates for.@&ludion. When using photocatalysts

for syngas generation and application for further industrial procesdingf f er ent Syr
compositions co-nt ahnioirghHemt heour £€¥PBrrcausequi
controld iCOggehmecredttiadm irmti os i s very diffict
obtaining photocatalysts witlh Hhisghwosrelheachtiilwve

syngas of different ratios by certain organi

In this chapter, initially, to establislh workflow for high throughput screening materials for

CQO; reduction and accelerate our understanding of material design, conjugated polymers such
as P1 or P7 and commercial photocatalysts suckCablgor TiO> were used to meet the need

for a large amont of material required for screenings. First, we measured different
experimental conditions for commercial materials and conjugated polymers foed{@tion

and chose the liquid phase for further investigation. Second, variations of metal doped
polymerswere tested as cocatalysts to improve the rates and selectivity of CO production.
Third, cobalt chloride (CoG) a n -thipy8din@ (bpy) as a cheap, egsiepared and efficient
molecular cocatalysts for high throughput screening were introduced irgoragpt condition.
Results showed that CO generation rate could be enhanced by the system with molecular
cocatalyst. Hence, we chose system containing cobalt complexes for further screening. Next,
the influence of residual palladium was tested. We triedrtmve the palladium and reduce its
influence.Then we screened a series of linear polymers with different chemical structures in
the backbone, such as sulfone units, carbazole benzothiadiazole units or linear polymers
containing different nitroge atoms which could change the properties of polynfersCO,
reduction by using molecular cocatalysts to find the principles of design for promising CO
reduction photocatalysts to generate different ratios of CO andHvas found that has the

best CQgeneration rate andO selectivity. However, Pd residual was also demonstrated could

be cocatalysts for hydrogen evolution which influences the selectivity oFGOn a | | vy, P7 v

di fferent amounts of Pd residueerwaasi osnynt hesi
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2.3 Experimental section
2.3.1 General methods

All reagents were obtained from Sigmidrich, TCI, ABCR, Fisher Scientificor
Fluorochem and used as receiv€dbalt (II) chloride hexahydrate (BioReagent),&@,2

bi pyri dyl (bpy, Reagent Pl us, 09 9 %) and
from SigmaAldrich. Acetonitrile (HPLC gradient gradey,N-dimethylformamide (GC
Headspace Grade) were obtained from KFisSwmentific. Water for the C@reduction
experiments was purified using an ELGA LabWater system with a Purelab Option S
filtration and ion exchange columnp € 15Mq cm' 1) without pH level adjustment.
Reactions were carried out under nitrogen atmosphere using standard Schilenk
techniques. Photocataly®ta K P1S* P44 P74 P10 P291%P30¢ and P31°were

prepared according to literature procedures.

2.3.2 Synthesis of PK (Kumada-type polycondensation)

Mg, Ni(dppp)CI
Br—_)-Br = K )k PIK

THF

Figure 2.1 Synthesis of P1K via Kumaty@e polycondensatiott.

1,4-Dibromobenzene (2.95 g, 12.61 mmol), magnesium (0.305g, 12.55 mmol) and THF
(20 mL, anhydrous) were first heated to reflux for 45 mifhen [1,3
Bis(diphenylphosphino)propane]dichlenickel(ll) (50 mg, 0.1 mmol) were added and
the reaction wakept at reflux for 22 hours. After cooling, the crude polymer was poured
into acetone. Next, the mixture was filtered and washed with hydrochloric acid (1 M),
water, methanol and THF. Next, the material was purified by Soxhlet extraction with
methanol and HF for three days. After drying under reduced pressure, the product was

obtained as a light green powder.
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2.3.3 Synthesis of P1S (SuzukMiyaura -type polycondensation)

HO OH Pd(PPh;),
o+ e - O
HO bH DMF, K2C03 n

P1S

Figure 2.2 Synthesis 1S via SuzukMiyauratype polycondensatiot.

1,4-Dibromobenzene (1.18 g, 5.0 mmol), -bdnzene diboronic acid (0.829 g, 5.0
mmol), [Pd(PPk)4] (38 mg, 0.7 mol%)N,N-dimethylformamide (75 mL) and aqueous
K2COs (2.0 M, 15 mL) were added into a flask and degassed by bubbling wiibr N

30 min. Thenhe mixture was heated to reflux for thieeys After cooling, the crude
polymer was poured into water. Next, the mixture was filtered and washed with water,
THF and methanol. Next, the material was purified by Soxhlet extraction with

chloroform for threalays. After that, the product was obtained as a grey powder.

2.3.4 Synthesis of P4

H H
B N B HO p|-| Pd(PPhs), N
e - SO - HO-CRD
T o OH DMF, K,CO,

P4

Figure 2.3 Synthesis &4 via SuzukiMiyauratype polycondensatiott.

2,7-Dibromo-9H-carbazole (0.325 g, 1.0 mmol), ipénzene diboronic acid (0.165 g,
1.0 mmol), [Pd(PPB)4] (15 mg, 1.3 mol%)N,N-dimethylformamide (15 mL) and
aqueous KCOsz (2.0 M, 3 mL) were added into a flask and degassed by bubbling with
N2 for 30 min. Then the mixture was heated to reflux for tiu@es After cooling, the
crude polymer was poed into water. Next, the mixture was filtered and washed with
water, THF and methanol. Next, the material was purified by Soxhlet extraction with

chloroform for three days. After that, the product was obtained as agmeepowder
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2.3.5 Synthesis of P7

00 00
S HO OH Pd(PPh3), S
L O - +O-SO
HO OH DMF, K,CO3

P7

Figure 2.4 Synthesis &7 via SuzukiMiyauratype polycondensatiott.

3,7-dibromodibenzdj,djthiophene 5,&ioxide (0.748 g, 2.0 mmol), lHdenzene
diboronic acid (0.331 g, 2.0 mmol), [Pd(RRh (20 mg, 0.9 mol%), N,N-
dimethylformamide (40 mL) analqueous KCOs (2.0 M, 8 mL) were added into a flask
and degassed by bubbling with fér 30 min. Then the mixture was heated to reflux for
threedays After cooling, the crude polymer was poured into water. Next, the mixture
was filtered and washed with tea, THF and methanol. Next, the material was purified
by Soxhlet extraction with chloroform for three days. After that, the product was

obtained as a green powder.

2.3.6 Synthesis of P10S (SuzukMiyaura -type polycondensation)

00 H,C 00 CH 00
g H, & CH Pd(PPhs), S
B B+ 3 i—Q S 0 3 -
r r H,C-{ B ‘D“ID B. _\-CH;3 o GD“‘D n

P10S

Figure 2.5 Synthesis ¢f10Svia SuzukiMiyauratype polycondensatiof?.

3,7-dibromodibenzdj,d]thiophene5,5-dioxide (281 mg, 0.75 mmol), 3his(4,4,5,5
tetramethyll,3,2dioxaborolar2-yl)dibenzop,d]thio-phene5,5-dioxide (351 mg, 0.75
mmol), N,N-dimethylformamide (20 mL), an agmes solution of KCOs (4 mL, 2.0M),

and [Pd(PP¥)4] (15 mg) were added into a flask and degassed by bubbling wiibr N

30 min. Then the mixture was heated to reflux for tltags After cooling, the crude
polymer was poured into water. Next, the mixture was filtered and washed with water,
THF and methanol. Next, the material was purified by Soxhlet extraction with
chloroform for three days. After that, the product was obtained gsllowgreen

powder.
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2.3.7 Synthesis of P10Y (Yamamoto coupling)

0.0 00
'S’ Ni(COD), S
2,2'-bipyridine
DMF

P10Y

Figure 2.6 Synthesis #f10Y via Yamamoto coupling polycondensatién.

3,7-dibromodibenzdj,djthiophene 55d i oxi de ( 374 mgbjpyridine0 0 mm
(344 mg, 2.20 mmol) were charged in a fladreed Schlenk flask and transferred into

a glovebox. The bis(cyclooctadiene)nickel(0) (660 mg, 2.40 mmol) was added in the
glove-box. Outside the glovbox, 1,5cyclooctadiene (338 mg, 2.20 mmol) aNgN-
dimethylformamide (anhydrous, 20 mL) were added, and the resulting suspension was
heated to 80 € under nitrogen for three days. After cooling to room temperature,
hydrochloric acid was added (conc., 21L), and the polymer was filtered off. The

polymer was washed with water until neutral, and then methanol and tetrahydrofuran.
Next, the material was purified by Soxhlet extraction with chloroform for three days.

The product was obtained as a yellow powder

2.3.8 Synthesis of P29

_N>_ n HO OH Pd(PPhs), _NH_
Br—<: Br B—QB’ > —|—©—<:
\_N HO OH DMF, K,CO, \_ 'n

Figure 2.7 Synthesis 29 via SuzukMiyauratype polycondensatioff.

2,5-Dibromopyrrimidine(476 mg, 2.0 mmol), benzetig4-diboronic acid (332 mg, 2.0
mmol), an aqueous solution 08&0Osz (8 mL, 2.0 M),N,N-dimethylformamide (40 mL),

and [Pd(PP¥)4] (40 mg) were added into a flask and degassed by bubbling wiibr N

30 min. Then the mixture wdeeated to reflux for thregays After cooling, the crude
polymer was poured into water. Next, the mixture was filtered and washed with water,
THF and methanol. Next, the material was purified by Soxhlet extraction with

chloroform for three days. Thgroduct was obtained as a dark gray powder.
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2.3.9 Synthesis of P30

N= HO OH Pd(PPh;), N=
Br— Y ,)-Br + B—@—B‘ - =Y
=N HO OH DMF, K,CO3 =N

P30

Figure 2.8 Synthesis &30 via SuzukMiyauratype polycondensatioff.

5 , -Bikdpmo-2 , -l@pMridine (1.26 g, 4.0 mmol), benzerigd-diboronic acid (0.663 g,

4.0 mmol), an aqueous solution of Oz (12 mL, 2.0 M),N,N-dimethylformamide (80

mL), and [Pd(PP$)4] (60 mg) were added into a flask and degassed by bubbling with
N2 for 30 min. Then the mixture as heated to reflux for threkays After cooling, the
crude polymer was poured into water. Next, the mixture was filtered and washed with
water, THF and methanol. Next, the material was purified by Soxhlet extraction with

chloroform for three days. Theqauct was obtained as a green powder.

2.3.10Synthesis of P31

H';'éc 0 = Pd(PPhs), —
j: ‘B—O—Br - @
Hilcc (0] N DMF, K2003 N n

3

Figure 2.9 Synthesis #31 via SuzukMiyauratype polycondensatioff.

2-Bromopyridine5-boronic acid pinacol ester (1.13 g, 4.0 mmol), an aqueous solution
of KoCGOsz (8 mL, 2.0 M),N,N-dimethylformamide (40 mL), and [Pd(P£4 (20 mg)
were added into a flask and degassed by bubbling witbrl80 min. Then the mixture
was heated to reflux for threys After cooling, the crude polymer was poured into
water. Next, the mixture wastired and washed with water, THF and methanol. Next,
the material was purified by Soxhlet extraction with chloroform for three days. The

product was obtained as a dark green powder.

49



2.3.11Synthesis of P74

S,
NN e o NN cn NN
HiG -0 O Cch, Pd(PPh;),
B B+ hc OB E"0 CH DMF, K,CO, n
H.C CH, » 2oUs
P74

Figure 2.10 Synthesis 674 via SuzukMiyauratype polycondensation.

4,7-Dibromo-2,1,3benzothiadiazolé412 mg, 1.4nmol), 2,1,3benzothiadiazold,7-
bis(boronic acid pinacol ester) (548), 1.4mL), N,N-dimethylformamide (4®nL) and
K2COs (aqueous, 1, 8 mL) were combined ahdegassed with nitrogen for 30 minutes.
Then [Pd(PP$)4] (40 mg) was added artle mixturewas heated to 150 for two days.

After cooling to room temperature, the reaction mixture was poured into water. The
solids were filtered off and washed with methanol. The polymer was purified using
Soxhlet extraction with chloroform to give P74 as &qerwder (387ng, quant.)Anal.

calcd for (GH2N2Sh: C, 53.72; H, 1.50; N, 20.88%; found C, 49.13; H, 0.95; N, 18.26%

2.3.12High-throughput CO2 reduction experiments

Photocatalysts (Bhg), CoC(0.510e mo | ) dipydding2 (1.820 mg) were added

into sample vials (=12.5mL) and purged with carbon dioxide in a Sweigher
Chemspeed Technologies robotic platform for 3 hours. A liquid handling system
transferredwater/solvent/holescavenger mixture (water/acetonitrile/triethanolamine,
3:1:1, 5mL) from stock jars inside the system into the sample vials. A capper/crimper
tool was then used to seal the vials under thed@@@osphere automatically. All sample
vials were ultrasonicated in an ultrasonic bath for 5 minutes before illumination using a
solar simulator (AM1.5G, Class AAA, IEC/JIS/ASTM, 14¥D xenon, 12x 12in.,
MODEL:94123A) for the time specified while constantly being redispersed with a
rocker/roller deice. Samples of gaseous products were analysed using a Shimadzu 2014
HS-GC gas chromatograph equipped with a ShinCarbon ST micropacked column
(Restek 8a100mesh, 2n length, 0.53nm inner diameter) and a thermal conductivity

detector. All samples were diugated to ensure reproducibility within a run.
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2.3.13CO2 reduction experiments

A quartz flask was charged with polymer powdem(§ ) , -biyridiheé (10mg),

cobalt (Il) chloride (5mol), a mixture of acetonitrile, water and triethanolamine (3:1:1
vol., 25mL), and sealed with a septum. The resulting suspension was ultrasonicated for
20 minutes and then purged with £€0r 30 minutes. The mixture was illuminated by

an Oriel Instruments LSH320 Solar Simulator (IEC ABA certified) with 1 Sun output.
Laser adjusnent of the instrument was used to adjust the distance of the reaction flask
to the light source. Samples of gaseous products were taken withighgayringe and

run on a Shimadzu G014 gas chromatograph equipped with a ShinCarbon ST
micropacked calmn (Restek 8@00mesh, 2n length, 0.53nm inner diameter) and a
thermal conductivity detector. Gases dissolved in the reaction mixture, and the pressure

increase generated by the evolved gases were neglected in the calculations.
2.3.14Determination of external quantum efficiency for CO production

The external quantum efficiencies of CO production were determined using
monochr omat i & 395 HOb, 420, 498 and %$18-nm). The reactions were
conducted on the same photochemical experimental setup under the optimized reaction
conditions. For the experiments,-B1% (1 mg)R , -Bigyridine (2mg) and cobalt (1)
chloride (1umol) were suspended iacetonitrile, water and triethanolamine (3:1:1 vol.
mixture, 5 mL). The illuminated area was®? and the light intensity was measured

by a ThorLabs PM100D Power and Energy Meter Console with a ThorLabs S120VC

photodiode power sensor. The EQE was cated using the following equation:
EQE% =2 x[NCO)xNal h T ¢)] T 100% / (1 1 S

Where, N is Avogadro constant (6.022 x fbmol?'), h is the Planck constant
(6.626x 1034 Js), c is the speed of light (3 x&@n s?), S is the irradiatiomrea (cm),
| is the intensity of irradiation light (Wm?) |, t i s the photoreact

wavelength of the monochromatic light (m).

51



2.3.15Isotopic labelling experiments

3CO, Labelling experiments were carried on a Bruker Vertex 70V Fotm@sform
infrared spectrometer with an argparged custoamade gas IR cell. A vial containing

t he p hot o c-lapyraihey and , cobak , (ID 6chloride in a mixture of
acetonitrile/watgtriethanolamine (3:1:1) was purged witfCO, (SigmaAldrich, 99
atom% 3C, <3atom% 80) for 3minutes. Then the resulting suspension was
illuminated for 1 hour using an Oriel Instruments =38R0 Solar Simulator (IEC ABA
certified) with 1 Sun outpuA sample of the gas headspace (1000 |L) was injected into
the gas IR cell, and the IR spectrum was measured (32 scans with a resolutianof 0.5

1. The background was measured using Ar purged cell and subtracted from the

measurement.
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2.4 Methodology for CO2 reduction by high throughput screening

2.4.1 Testof different experimental conditions
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TEOA scavenger; (b) Resutesrahydrdobfaraentwphetomakalys
scavengers. Reaction conditions: phoO6T&OAl pst 5(5 mg)

3:1:1 (vhWI/ITVEOATHFReHrcti on time: 5 h.

Considering the bLimiwaedespoloabganity 61 COnt s
amount of g1 sMoorlevoevde rCO an apPr avarsi aatded ea ma unnt
reduction system as the resource of protons.
solvents Gdceéeeoniahyidr ef ar asr)e dcuocutlido ne nphearnfcoer m
P7 in acetonitrile, t heeno C@wehvioclhu twaosn trharteee wa
that in THF and vadleuti &Gnen®OHt 6gsigie MMeveéN/eH hi g
thse i n to@esyiHtFé H, we ob ossyesittenm tMe CNdiHh excel |
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muc hO Hvoul d aohaarcgd otnhes yst em i ntsoh cawe da gau eniumi
t endenxy.odluic@etho 2l0hhsfRakh d @mo3Shgof CO with 0. 0!
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2.4.2 Variations of metal doping as cocatalyst
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rate and CO selectcat alyysFondonhbdthmpei ghtd s
product evosldawtormo,n.by nddamiireg di fferent metals
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Vi s) measures the extinction (scatter + ab

Nanoparticles have unique optical properties
aggl omeration state, and refractive -VYindeax ne
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(Figure 2. 1160) nsra lgrigdeds $ edh &n | oaddngrAgbuhAul2R
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CO evolution rate which suggested gold nanopatrticles were the bestiatygt compared with

other metal nanoparticles. However, both the rate and selectivity were relatively low. The
differentme t-naa n o p d rotaidelde P7 needs t @an et lhpe eyiaeled iis
which canrot meet the need for highroughput experiments. Moreover, noble méaded

cocatalysts are not suitable for future industsigdle applications fo€O, reduction due to

their scarcity and high pricélt is still needed to find other efficient andeetive coecatalysts

such as molecular ecatalyst with different conjugated polymers for high throughput screening

COz reduction experiments.
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Besi des, in 2016, WasNsswhi t it [ lda(sbp@mryestatgat ge
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These wor ks pr ovi dstrategyamentarecs G@daction abdity.f i ci en't

I nitially, 0. 001 € mob and @by lbpy wéré bdded nto Ither i d e
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photoreduction experimentsystem. Following this strategy, various photocatalysts including

several excellent hydrogen evolution photocatalysts were tested (Figure 2.18). It is noted that
both the CO production and selectivity e€gN4, TiO2, P1 and P7 increased significantly when

CoCk and bpy were added. 1@@nol g h't CO was produced by P10 which was almost two

times than that of P7. For selectivity of CGCgN4 reached more than 70% while P7 and P10

could afford 2% and 5%. In the absence of [Co(§|p¥;)the CQ reduction performance was

not satisfactory. All the results revealed that [Co(BJgYy)could be an effective and efficient

COe reduction cecatalyst forpolymer photocatalysts. Moreover, the system containing cobalt
complexes can be easy prepared for high throughput screening. Hence[we asesl’ fays)

a cocatalyst for further high throughput exp

244 Extraction of palladium in PY
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of elleclta on€fHomwatviean. t heOr eavaldt accedberdt ed n
the reduewiitom RPd &Lom fioBeaadil ygttd a lower s
redué4 nonhis case, it is necessary toToinvest
do this, 100 mg P7 was put in 50 mL sodium diethyldithiocarbamate solution (0.05M), and the
suspension was stirred at 66 overnight. A t er t hat , P7 was washed
met hanol several times. Fi nal |l y,N dovheer noibgthati.n e
sl ight di fference-vwas specicad (Fngriehdeu cHVIoha
performance of P77, PGENs wéter t est edc tuinarer and
experiment al conditions. P7 beagfnarfd camd afhtaer
their photocatalytic perf oremahchdgo f(:REhgu e 02 . !
emo IThip f W@ generated in both P7 before and after the extraction. Considering the

yield of CO and selectivity for CO overHP7achieved better results than commerciélsils

(200emo Ith'p f 5, Hegmo Ith'p f CO, 18 % YXCHdwever, the metformarnce y

of P7 was not good due to the low selectivity of CO, demonstrating the Pd residuals were hard

to be removed.
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2.5High-throughput screening of conjugated polymers

m+@

p- semphenylene

P29
N;S;N
/N N= —
[ <:> <_N> {\\ /> ]n [ <\ hf ]n I i 5 In
P30 P31 P74

Figure 2.20 Structures of the photocatalysts.

The aim of this section is to explore whether a single photocatalyst could generate both
H> and CO and the #CO ratio could be controlled. To do this, a series of conjugated
polymers was synthesizada SuzukiMiyaura polycondensationsing Pd(0), which
leads to the presence of residual palladium particles within the material (Figure 2.20).
The residualpalladium has been demonstrated to act as-eatalyst for hydrogen
production from water in previous literatui®?’ Here, a range of photocatalysts was
investigatedp-sexiphenylené® poly(p-phenylene) (P1}! a carbazole@henylene co
polymer(P4)!*a dibenzadp,d]thiophene sulfone epolymer (P7):*1°the homopolymer

of dibenzop,d]thiophene sulfone (P18%,a pyrimidinephenylene capolymer (P29)°

a bipyridinephenylene ceolymer (P30)° poly(pyridine) (P31)° and
poly(benzothiadiazo)g(P74).

pogn T H S

GC - 8.8

§55§55§a5 | -t
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Polymer Sample preparation for

library photocatalysis Photolysis Head space GC analysis GC data

Fi g u r Worklow2oi high-throughput property screening of conjugated polymérs.
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The highthroughput workflow used here for screening HER photocatalysts has been
reported (Figure 2.28:3% All the polymers were measured @sotocatalysts for CO

reduction under solar irradiation with such a workflow. To do #igbughput

screening of photocatalytic G@duction, vialsV¥ = 12.5mL) were firstly charged with
photocatalysts (5 mg), CodlLle m @ Which actsastheo-c at al y s-bipyridme d 2, 2
(bpy, 2 mg), which is required to form catalytically active Co cerftfé$z3!

After transferring vials into a liquid handling robdtetsystem was closed and purged

for three hours withCOp. The liquid handler then a@éd water (1 mL)acetonitrile
(MeCN, 3 mL), acting as an inert-solvent,andtriethanolamine (TEOA, 1 mL), which
actsas the hole scavenger, before capping the vials. After capping, the samples were
sonicated to disperse the photocatalysts and traadferia solar simulatorAM1.5G,
1600 W xenon | ight sour ce, air mass 1. 5C

irradiated with constant agitation for a specific time. The gaseous products were

measured using an automated gas chromatograph.

2.6CO2 reduction results of linear polymers by highthroughput screening
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Figure 2.22 Evolution rates and selectivity of gaseous products produced by all photocatalysts-in a high
throughput screening. Conditions: polymers (5 mg), G6Cl & mo-bipyridin€(2 ragd, solvent (4
mL, MeCN/H0=3:1), TEOA (1 mL), solar simulator {tours), CQ atmosphere.
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Table 2.1Evolution rates of gaseous products for higloughput screening polymer photocatalysts.

Photocat al HEvol uti ot COEvolutior CO sel e
(emo Ithy? (emo Ithy? (%)
Bl ank -c 0.8 N 0. -
pSexi phenyl 1.0 N oO. 1.0 N oO. 50.0
P1S 129.8 N 77.7 N 3. 37. 4
P1K 30.3 N o 189.7 N ¢ 86. 2
P4 207. 4 N 291.9 N 8 58.5
P7 15237 10 4 . 959.1N 26 . 3 38.6
P10S 2575.6 N 156.5 N &€ 5.7
P10Y 321.6 N : 172.4 N 2 34.9
P29 351.0 N 1 276.9 N 1 44.1
P30 115.9 N ¢ 68.8 N 15 37.2
P31 12.3 N O 6.1 N 1. 33.0
P74 -C 0.3 N o. -c

———  p 1T fe] Not detected.

Under the experimental conditions,was found thap-sexiphenylene, P31 and P74
showed little or no activity for either CO orlgeneration (Figure 2.22 and Table 2.1).
Photocatalysts P1, P4, P29, and P30 all generated CO with rates betwgeno6§.8
hlfor P30 and 291.fmol g*! h'for P4 and selectities between 37% for P30 and 59%
for P4 due to large amounts of Were produced by P1, P4, P29, and P30. Significantly,
both P7 and P10 indicated much higher CO production with a rate of 959.1 fnhol g
1and8 3 9umal g h'l. However, the high CO geration rates of P7 and P10 are

accompanied by a highzHevolution rate of 1523.@mol g h' for P7 and an even
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higher H evolution rate of 2676.3 pmol ‘§ h? for P10, which is in line with the
observation that P10 is a better hydrogen evolution phtityst than P#

It seems that the high hydrogen evolution rates do not originate from oxidative
dehydrogenation of TEOA as a side reactidfihis may be explained by the presence

of residual palladium, which acts as an efficientcatalyst for proton reductiéh?’
competing with cobalt sites for electrons. Moreover, the kinetics of r€duction is
sluggish, resulting in poor CO producticglextivity compared with other materialéo

other products, such as methane, methanol, acetaldehyde or formate, were detected by
gas chromatography and ion chromatography. To further demonstratel¢hef
palladium in the proton reduction reaction, gplphenylene) (P1K) that contains
residual nickel (a poorer hydrogen evolutiorcatalyst) was made via nickeatalyzed
KumadapolycondensationResults showed that P1K has a higher CO evolution rate
comparedtoP1l madevu z u ki T Mi yaur an (I8 vsyt7pmmobigeim s at i o
1), and a higher selectivity for CO production (86887%). Similarly, P10 synthesized

via Yamamoto coupling (P10Y) has a higher selectivity for CO ovecdtinpared to

the SuzukiMiyaura polycondensation produ@5% vs 24%).

These observations indicate that residual palladium plays a negative role op CO/H
selectivity. In line with this, literature reports of photocatalysts with good selectivities
are generally synthesizdxy using metafree experimental conditions thus leading to
photocatalysts that have no residual metal present that facilitate hydrogen pro6@uction.
However, several systems with photocatalysts that were made usaagdPgsed cross
coupling reactions ha& been proven by other researchers to generate CO with good

selectivity over H despite their Pa¢ontent®
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2.7Analysis of linear polymers for CQ: reduction

From the previous work on HER photocatalysts, it is known that the performance of

be affected t he

by

of light absorption), electronic properties, and the dispersibility of the catalyst in the

photocatal ysts wil/l
reaction mediuni? These factors might also drive the difference of CQ¥&lectivity.
It is noted that one or more of these properties result in oligomers and polymers with

low activity.

271 Redox potentials and band gaps
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Figure 2.23 (aPredicted redox potentials of the polynpdrotocatalysts taken from the literature {P1

P31)41633 or calculated in this study (P74) and solution potentialsx(@@ proton reduction, TEOA

oxidation) at pH 8.3 (the pH of the reaction mixture saturated with);g®) UV-Vis Spectra of all

photocaalysts in this study measured in the sdtdte.

Table 2.2IP, EA, IP* and EA* values of polymer P74.

I P [/ vV EA /| V I P* EA* |/
P 724 0.89 1,12 1,17 0.94
[a] Calcul ated for an oligomer of 1280mMonomer units
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Table 2.3Predicted redox solution potentials for the oxidation of TEOA at pH 0 and pH 8.3 relative to the Standard

Hydrogen Electrode.

E / V
pH O pH 8
DEOA (aq) + ET (aq) + 2 Haq) + 2 e-> TEOA (aq) + 2 HO (1) 0.03 -0. 48§
TEOA (aq) + H (aq) + e-> TEOA (aq) 1.20 0.71
TEOA aq)>+TEOA (aq) 0.67 0.67

DEOA diethanolamine, ET 1,1-@hanetriol, TEOAtriethanolamine radical (N(GI€H,OH)z(CHCH.0H)).

Calculations were performed to predict redox potentials optigmers. The driving
forces for CQ reduction and oxidation of TEOA were estimated by comparing the
potentials for CQreduction and oxidation of TEOA with the electron affinities (EA)
and the ionisation potentials (IPpf the polymers. Among thegolymers p-
Sexiphenylene, P1 and P4 have the least positive IP values, which controls the driving
force for the oxidation of TEOA. Thus, they have the smallest driving force for the one
hole oxidation of TEOA (Figure 2.23a). P74 is a new reported polymers anelditre
potentialwas calculated in Table 2.2. However, P74 has the least negative EA value
(electron affinity; that is, the LUMOJf -1.12 V and hence the smallest driving force

for proton or CQreduction. P10 which has a similar structure with P7 hascpkarly

poor CO selectivity. The reason is that the EA of P10 is less negative than'for P7
(Figure 2.23a). Therefore, P10 has a reduced thermodynamic driving force for reduction
potential relative to P7. It is known that €@duction is thermodynamically slightly

less favoured than the reduction of protdPstentials of oxidation of TEOA (Table 2.3)
were calculated under the assumption that oxidation takes place on or near the nitrogen
atom rather than one of the OH grougnsd that the 2lectron overall oxidation products

of TEOA are diethanolamine and 1,¥thanetriolj.e. that the glycolaldehyde formed
instantaneously hydrolyses to 1, BthanetriolThe experimentally measured pH of the
reaction mixture saturated witBO; is 8.3. In such conditions, E(G®I'/CO) and
E(H'/H) vs. the standard hydrogen electrode-ar63 \#* and-0.52 V, respectively.
Hence, we believed that the reduction in driving force has a more significant impact on

COz reduction.
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Figure 2.24Tauc plots forall photocatalysts in this section.

Table 2.40ptical properties of photocatalysts.

Photoca|SexiphgP1KWP1y P4 P7|P10 P10l P29 P30|P31 P74

Optica
eV

Light absorption ability is believed to be one factor that influences @@uction
performance. Band gapsgjEof organic semiconductors materials are the difference

between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
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molecularorbital (LUMO) energy levels in the polynseiAs we discussed i@hapter
1, electrorhole pairs in the bulk of semiconductor materials are generated by absorbing

photons with an energy equal to or greater than the band gap.

The Tauc method (Figure 2.24arcbe used as an easy and straightforward method to
accurately estimate band gap energies fromvi$spectra. The equation of Tauc plot

is shown below:

i 8@ ©

WhereUis the absorption coefficient of the matertals the Planck constarg,is the
phot on 6 s Efigthe ancgapcenergy, afds a constant. Thefactor is equal
to 1/2 or 2 for the direct and indirect transition band gegepectively®®

Fromthe UV spectra (Figure 2.23b) and band gap (Table @8gxiphenylene and P1
have the most blushifted optical gaps, limiting visible light absorption ability. Other
linear polymers have suitable optical gaps for the absorption of visible Higivever,
some of them still have limited G@eduction performance. The influences of EA and
IP values for driving C@reduction have been discussed above. The materials should
have suitable bandgap for visible light absorption and enough driving for€ceCior

reduction and oxidation of TEOA.
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272 Di spersibility
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Figure 2.25 (a) Transmission experiments of photocatalysts suspended in MECNEBDA mixture
(3/1/1). The transmission of suspensions was measured at 180° relative to the light source; (b)
Backscattering experiments of photocatalysts suspended in MeONVTHOA mixture (3/1/1). The

backscattering of the suspensions was measured at 45°elative to the light source.

Here, we supposed that the dispersibilities of polymers as another factonplats

CO. reduction performanceTransmissionand backscattering experiments were
involved for further investigation. Transmissi@md backscattering experiments

Figure 2.25a and 2.25b are measurements of how well a polymer dispetbes
reaction medium for C@reduction. The transmittance and backscattering of the
suspensions were measured with a laser for scanning the height of the measurement
reactor at 180and45°relative to the light source. Before the measurements, samples
were dipersed in 20 mL MeCN/¥O/TEOA mixture and sonicated for 15 minutes. Then,

the transmission and backscattering of the suspensions were measured in cylindrical
gl ass cell s from 50 0 Ohetsuspesions Qppéar te ba stabkee r y
for the duramn of the measurement as the transmission and backscattering values are
similar for the entire height of the measurement reactor, with low transmission values
in both cases showing that a material disperses well in a M&CNTEOA mixture.

From the result§Figure 2.25), P29, P31 and especially P74 disperse very poorly in the
reaction mixture. The poor dispersibility of these polymers may result from their

wettability and physical densif?,which will influence interaction between polymers
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and cocatalystand their activity for C@ product generationP7 and P10, which
disperse well in the reaction mixture and have the most positive IP values and the largest
driving force for TEOA oxidation, are the most active materials. Also, especially for
P10, these twpolymers absorb a significant part of the visible spectrum. Considering
its CO generation rate and selectivity, P7 was chosen as a good photocatalyst for CO

reduction for the remaining experiments.

273 Tinceorrel ated single phmeodsosnr emamtts ng (TCS
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Fi g ur e Fl@ore2cénce emiysion and excitation spectra of P1 in acetonitrile, water and triethanolamine (3/1/1)
solution; (b) Fluorescence emission and excitation spectra of P7 in acetonitrile; (¢) Fluorescence emission and

excitationspectra of P7 in acetonitrile, water and triethanolamine (3/1/1) solution.

The lifetime of excited states is believed to be crucial in letting charges to be separated
before recombination. To investigate the kinetics of the excited states of P1 and P7,
time-correlated single photon counting (TCSPC) was involved. The optoelectronic
properties of P1 and P7 were first measured by photoluminescence (PL) spectroscopy
in Figure 2.26 with an excitation wavelength of 370 mmx at 453nm was observed

for P1 in acetonitrile, water and triethanolamine (3/1/1) solventx at 475nm was
detected foP7 in pureacetonitrile or acetonitrifevater/triethanolamine (3/1/1) solvent
mixture. The lifetimes of the excited states of P1 &tdwere studied by TCSPC
experiments UuUpen3g0cinmatwi oh at nax458and and

475 nm.
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Table 2.5Fluorescence lifdime measurements.

Materials /a:n /Lris /B‘;o /Lrils /Bojo /ers /EZZ ¢ U
P 475 023 3195 091 4357 267 2448 105 113
p 475 022 3206 090 4333 257 2461 109 1.05
P 475 014 3572 066 4089 205 2339 110 0.80
P 475 024 3070 089 4657 293 2273 104 115
P 453 020 6404 064 2785 235 811 118 0.0
P 453 016 7117 054 2205 210 678 128  0.37

[a] Acetonitrile purged with B [b] Acetonitrile purged with C@ [c] Acetonitrile water and triethanolamine

(3/1/1) purged with N [d] Acetonitrile water and triethanolamine (3/1/1) purgeith CO;; [d] Fluorescence

observed

l'ifetimes obtai ne=d 3u7pfo nn ne xwiittha ta obha 468 M7Dam. d
(a) (b) (c)
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Figure 2.27Fluorescence lifetime decays of P7 in MeCN purged witlfaNor CQ (b) and MeCN/HO/TEOA

(3/2/1) mixture purged ith Nz (¢) or CQ ( d Jexc=( &8 7 0emn4i5nmleand P1 in MeCN/KD/TEOA (3/1/1)

mixture purged with N(e) or CQ ( f }e=@7®Nn M ,em=&50 nm).
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Figure 2.27s thefluorescence lifdime decay of P1 and Pi@easuredn different testing
conditions. The red and pink dots are the experimental data. Blue lines represent the fit
and the black lines under the figures are weighted residuals of the fit. The instrument
responses are shown as black dots. Fluorescenegnige (Table &) in solvent
suspension were obtained from fitting thoerrelated single photon counting decays

(Figure 227t o a sum of three @axpasdcordimltos, wh

B 6 6 Ad@b- .Uyis the weighted average lifetime calculatedBas 6 7.

The goodnessf-fit parameter by using cfs g u a rdevdlue {s@t a minimum by

varying Bi and U. Not e t h%values dreeduepto witrafast decays for these
materials which were very similar to the instrument respdh$be average weighted

phot ol umi nescence emi SSigehl3hsdhed&5mmegn ( Tabl
MeCN purged withN2 was similar witht h aaig= .08n s ¢m = 475 nm) in MeCN

purged with CQ. When measured in MeCN /28 / TEOA suspension, the average

emi ssi on | iaf=e0t80nmwemn=wf4 7B7 n(mM) was | omngger t h:
0. 5 el=453nm). The differentlifetimes for P1 and P7 indicated the various
capability for charge stabilization. The longer lifetime of P7 in solvent mixture was also

in line with the observed higher activity. However, the exciton lifetsjast one of the
influencing factors, and itloes not always correlate with the actiityThe final
performance isffected by different factors. Here, it was demonstrated that extending

the excited state lifetime could increase the efficiency ot @duction by P7. P7 was

further explored due tits suitable optical properties, electronic properties, dispersibility,

and CO generation performance.
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2.80ptimization of cocatalystand conditions
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Figure 2.28 CO seJldaedt iCWOi tow ean ® 7y iwe It da midh &bpditmma:d’7 r at i o

(5 mg, 0.155wnt. % Pd), solvent (4 mL, MeCN /4©=3:1), TEOA (1 mL), solar simulator (5 hours).

Table 2.6Gas evolution rates of gaseous products of P7 with Lo bpy at a constant relative ratio.

Sel ecti
HProduc CO Prodtu
Cogl bpy co
Entr ~ rate rate n( g:n( CO)
(Omo ( mg) S I produc
(Smogllhu) (Smogllhll)
( %)
1a 0.5 1 140Bl284. 738N131 7. 34.5 1.9
22 1 2 130WK487. 642N1750. 33.0 2.0 1
3 2 4 928N2970. 381N1723. 29. 1 2.4
4 5 10 604N166 . ¢ 11 4N270 . - 15. 9 5.3
5a 10 20 528N100 . ¢ 10 4N115 . ¢ 16.5 5.1

Conditions: P7 (5 mg, 0.155 wt. % Pd), solvent (4 mL, MeCMNG+38:1), TEOA (1 mL), CQatmosphere, solar

simulator (5hours).

Next, P7 (5mg) with different amounts of Coghnd bpy were exploredn a high
throughput screening experiment to find th@imized conditions for C©Oreduction

Various ratios of CoGland Bpy were added into vials. Thquid handling system
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transferred degassed jars with acetonitrile/triethanolamine/water mixture into sample
vials. After being purged with COor 3 hours ad then capped with a capper tool, vials
were taken out and sonicated for several minutes. Finally, vials were irradiated under a
1600 W xenon | ight source (air mass 1.5
SRT9. A Shimadzu 2014 HSC was appliedo analyze the results. It was observed
that an increased amount of CeGWhile keeping its ratio with bpy constant (Figure
2.28 and Table 2.6), decreases the amounts ofHho#imd CO generated, particularly
when 5umol or 10 pmol CoChk were used. The ktivity for CO was highest with 1

€ maCbChk and 2 mg bpy.

2000 H, 4 40
=
o -
S 1500 30
3 z
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£ °
= 1000 20 %
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= (@]
Q
e ()
B 500 10
| .
o

0 0

0.5 2 1.2 2.2 52 10_2

Figure 2.29 CO selectivity and yield ok Hnd CO over P7 with different ratio of Ce@ind bpy.

Table 2.7Gas evolution rates of gaseous products of P7 with Got@ bpy at a varied relative ratio.

Sel ecti
H2Produc CO Produ
Cocegl bpy coO
Entr ~ rate rate n( :n( CO)
(Omo ( mg) o o produc
(smog'lh'l) (smog'lh'l)
(%)
12 0.5 2 168682%8. 805N4% . ¢ 32.3 2.1
22 1 2 15581@2. 900N2%F . ¢ 36. 6 1.7
3? 2 2 1338139. 543N3&. ¢ 28. 9 2.5
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42 5 2 6 0 7N49 4 g85Na. 7 12.3 7.1

52 10 2 7 3 9N38 . ¢ 37N&8. 3 4.9 19. 6

Conditions: P7 (5 md).155 wt. % Pd), solvent (4 mL, MeCN (®E3:1), TEOA (1 mL)CO, atmosphere, solar

simulator (5hours).

Table 2.8Gas evolution rates of gaseous products of blank experiments with of @wlbpy.

Ent Cocel bpy H2Producti CO Produ
n r _ _ _
) (mol ) ( mg) (emodfth'y ratemodfih'd
12 0.5 1 b 0.\m. 01
22 1 2 b 0.\®m. 01
constant .
3@ 2 4 b 0. 8®. 05
Codlbpy
42 5 10 b 0o.\m. 01
52 10 20 b 0.\®. 01
62 0.5 2 b 0. 8®. 05
72 1 2 b 0.\®. 01
vari ed .
8 2 2 b 0.\®m. 01
Codlbpy
92 5 2 b 0. 8®. 05
10 10 2 b 0.\®m. 01

[a] Conditions: solvent (4 mL, MeCN /20=3:1), TEOA (1 mL), CQatmosphere, solar simulator (5 hours); [b]

Not detected.

Similar results were observed when increasing the amo@bo€&while keeping the amount
ofbpy c ofigsre 2.20tand Table 2.7Jhe selectivity for CO was also highest with 1
e maClo ednd 2 mg bpy. Control experiments suggestedGhatednd bpy without adding
photocatalyst generate only negligible amounts ol CO, demonstrating that the process

is indeed photocatalytic and driven by the polymer photocatalyst (Table 2.8).
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Figure 2.30 (a) CO/Hpr oduct i on -bipyridine oruGoCl @sjin@ B70.5% as catalyst in
MeCN/HO/TEOA mixture (5 mL, 3/1/1) under solar simulator for 5h (AM1.5G, 1600 W xenon light

sour ce, air mass 1. 5CO/Hfprodiuttienrgener8téd @iging valoQssmivemjs pf ( b )
P7-0.5% as the catalyst andniL TEOA as the sacrificial agent uadsolar simulator irradiation for 5

hours (AM1. 5G, 1600 W xenon | ight source, air mas
and 1mL water or 4 mL water only (MeCN: acetonitrilefHF: tetrahydrofuran; DMF:N,N-

dimethylformamide; NMPN-methyl2-pyrrolidone; MeOH: methanol).

Without bpy or CoG, we find that CO production rates are very low (Figure 2.30a),
which is consistent with previous reports that prove that both are indispensttrha to
catalytically active Co centrd€?2231\When P7was tested with £ mo | @@ Q |

mg bpy in different organic solvents such as THF, DMF, NMP and MeOH as alternative
co-solvents (Figure 2.30b), P7 had the highest CO production rate in MeCN as the co
solvent. When P7 was tested in pure water with TECAh&d the lowest CO and:H
generation rates. Hence, we usedho | > @nol Erhg bpy hereafter as the optimised
conditions and 3 mL MeCN, 1 mL2® and 1 mL TEOA as the optimised solvent

conditions for photocatalytic GQeduction with P7.
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2.9P7 synthesized with different amounts of Pd

Table 2.9 P7 synthesized with various palladium loadings.

Amount of

) Yield Residual PdY!

Materi al [PA(PPhs)4]

. - 1 % / wt %
used in polymerisatior?

P7-0.1% 0.1 mol% (2.3 mg) 75 0.043
P7-0.5% 0.5 mol% (11.6ng) 99 0.073
P7-1% 1 mol% (23 mg) Quant. 0.237
P7-2% 2 mol% (46.2 mg) Quant. 0.504
P7-3% 3 mol% (69.3 mg Quant. 0.769
P7-5% 5 mol% (115.6 mg) Quant. 1.444

[a] 3,7-Dibromodibenzadp,djthiophene sulfone (0.748 g, 2.0 mmol), -bdnzene diboronic acid (0.331 g,
2.0mmol), N,N &imethylformamide (40 mL) and A& 0Os (aqueous, 2.0 M, 8 mL) were used in this reaction; [b]

The amount of residual palladium in the material as measured Vi® ESP

Residual palladium from the synthesis appears to form active sites for protons and
facilitate competing hydrogen evolution. Therefore, controlling the concentration of
residual palladium in polymers offers a pathway to producing syngas with different

ratios of Hb and CO.

To do this, the amount of [Pd(P$4) used in the synthesis of P7 was varied from
0.1mol% to 5 mol% (Table 2.9)Inductively coupled plasmaptical emission
spectrometry(ICP-OES) measuremenssiggested that residual palladium in polysne
ranged from 0.048st. % up to 1.444nt. %. The detected amounts of residual palladium
were not same with the amounts used in the polycondensation reaction. It was found
that materials that were synthesized by using more palladium also contained more
resdual palladium, showing an almost linear increase of residual palladium content of
the polymer with increased amount of palladium catalyst used in the polymerisation
(Figure 2.31a). The obtained samples were named-8s1P7to P75%, indicating the
amourn of [Pd(PPB)4] used in the synthesis of each P7 sample.
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Figure 2.31 (afxpected and measured palladium content of P7 synthesised with different amounts of
[Pd(PPR)4]; (b) UV-vis spectra of P7 synthesised with different amounts of [PdjHPHc)
Photoluminescence p e ¢ tx= 870 (n® of P7 synthesized with different amounts of [Pd{RFPid)

FT-IR spectra of P7 synthesized with different amounts of [Pd{&]Ph

Figure 2.32TEM images of P70.1% (a) (d), P7L% (b) (e), P%% (c) (f) using epifluorescent STEM mode and
using HADF STEM mode.
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